Cyclic AMP (cAMP) and calcium are ubiquitous, interdependent second messengers that regulate a wide range of cellular processes. During development of neuronal networks they are critical for the first step of circuit formation, transducing signals required for axon pathfinding. Surprisingly, the spatial and temporal cAMP and calcium codes used by axon guidance molecules are unknown. Here, we identify characteristics of cAMP and calcium transients generated in growth cones during Netrin-1-dependent axon guidance. In filopodia, Netrin-1-dependent Deleted in Colorectal Cancer (DCC) receptor activation induces a transient increase in cAMP that causes a brief increase in calcium transient frequency. In contrast, activation of DCC in growth cone centers leads to a transient calciumdependent cAMP increase and a sustained increase in frequency of calcium transients. We show that filopodial cAMP transients regulate spinal axon guidance in vitro and commissural axon pathfinding in vivo. These growth cone codes provide a basis for selective activation of specific downstream effectors.
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cyclic AMP dynamics | calcium dynamics | compartmentalization | photoactivated adenylyl cyclase alpha | cyclic AMP oscillations C yclic AMP (cAMP) is a major cellular second messenger that activates and integrates multiple intracellular signaling pathways. Microdomains of cAMP are generated in cardiac myocytes (1) , regional domains of cAMP are present in neurons (2, 3) , and cAMP diffusion is restricted by rapid degradation by phosphodiesterases (4) that limit the duration of cAMP signaling (5, 6) . However, little is known about spatial compartmentalization and temporal dynamics of cAMP in neuronal growth cones, despite the importance of cAMP for axon pathfinding in response to a wide range of molecular guidance cues, including Netrin-1 (7) (8) (9) (10) (11) , semaphorins (12) , Slits, and ephrins (13) .
Calcium is another ubiquitous second messenger involved in axon pathfinding, mediating responses to axon guidance molecules. In addition to axon steering, calcium modulates axon outgrowth and retraction (14, 15) . A sustained gradient of calcium across the growth cone is thought to be generated by asymmetric activation of axon guidance receptors, and to be the relevant calcium signal for axon pathfinding (16) . Spontaneous fast and spatially restricted filopodial calcium transients are also sufficient to steer axons (17, 18) . The frequency of slower transients in the entire growth cone controls the rate of axon extension in vivo and in vitro (19) . The regulation of these transients by axon guidance cues has not been investigated.
Filopodia are critical for axon pathfinding (20) , and clues to their operation are provided by subcellular localization of signaling components. Filopodial enrichment of regulatory subunit II of protein kinase A, a major effector of cAMP, is required for growth cone attraction mediated by intracellular gradients of cAMP or PACAP (21) . Modulation of spontaneous calcium transients in filopodia regulates axon turning (17) . Temporal regulation of cAMP synthesis is also important for axon responses to ephrin-As (14) , and the frequency of calcium transients in the growth cone center that includes the lamellipodium regulates the rate of axon extension (19) . However, little is known about regulation of filopodial second messenger signals and their temporal dynamics by diffusible axon guidance cues.
We have investigated the subcellular localization, temporal dynamics, and local interactions of cAMP and calcium signals generated in growth cones in response to Netrin-1, the principal axon guidance molecule required for attraction of commissural axons by the spinal floor plate. We report a major difference in cAMP/calcium interplay between filopodia and the growth cone center. Optogenetic elevation of cAMP in filopodia but not in growth cone centers drives growth cone attraction. Both filopodial and growth cone center signaling pathways are mediated by activation of the same Netrin-1 receptor, Deleted in Colorectal Cancer (DCC). We show that cAMP dynamics are also essential for midline crossing of commissural axons in vivo.
Results
We identified spatial and temporal second-messenger codes that regulate axon guidance using dissociated cell cultures of Xenopus spinal neurons. Application of a local Netrin-1 gradient to growth cones of these cultured neurons attracts axons in a cAMP-and calcium-dependent manner that requires the DCC Netrin-1 receptor (8, 16) mediating both attraction and repulsion in Xenopus spinal neurons (22) . In contrast to previous studies (16, 23), we did not include serum in the culture medium because it blocked some of the growth cone calcium signals observed in vivo ( Fig. S1  A and B) . The response to Netrin-1 and its dependence on cAMP and calcium were robust: Netrin-1 is an attractant in the control condition, converted into a repellent when adenylyl cyclase is inhibited, and does not affect the direction of axon growth in the absence of extracellular calcium (Fig. S1C) .
We used a plasma membrane-targeted Epac2-camps (pmEpac2-camps) FRET probe (24) to monitor fluctuations in cAMP concentration. Growth cones expressing pmEpac2-camps responded to bath application of forskolin, an activator of transmembrane adenylyl cyclases, with an increase in the CFP:YFP ratio ( Fig. S2 and Movie S1). Although we did not calibrate the sensor, we demonstrated that saturation was not reached with the resting concentration of cAMP in growth cones (Fig S2) . Targeting pmEpac2-camps to the plasma membrane reduces differences in fluorescence intensity between the center of the growth cone and filopodia, and allows monitoring of cAMP in both compartments (Fig. S3) . However, measurement of cAMP levels with this Epacbased sensor could miss detection of cAMP levels that would be revealed with a PKA-based sensor.
Dynamics of cAMP and Calcium Signals in Filopodia. When growth cones were stimulated by Netrin-1, cAMP increased transiently in filopodia ∼1 min after stimulation, reaching a maximum by ∼4 min (Fig. 1A) . Although stimulation was maintained, the cAMP level returned to baseline ∼10 min after the onset of Netrin-1 application. This effect was not due to desensitization of the probe, because pmEpac2-camps reported a sustained increase in cAMP concentration (Fig. S2) . The cAMP response to Netrin-1 was blocked when it was replaced with a vehicle or when cultures were preincubated in a solution containing a function-blocking antibody against the DCC Netrin-1 receptor ( Fig. 1 A and B) .
The frequency of fast filopodial calcium transients (17) ) before Netrin-1 stimulation, the frequency began rising ∼2 min after the initiation of stimulation and achieved its maximum (10.9 ± 1.8 min
) ∼4 min after the onset of Netrin-1 application; it returned to baseline after ∼14 min ( Fig. 2A and Movie S2). Stimulation with vehicle or exposure to anti-DCC prevented this increase in filopodial calcium transient frequency ( Fig. 1 C and D) . Ratiometric calcium imaging that avoids artifacts due to volume changes confirmed the Netrin-1-induced increase in frequency of filopodial calcium transients. The increase in frequency was greater in proximal than in distal filopodia (Fig. S4) .
cAMP Drives Generation of Filopodial Calcium Transients. Because cAMP and calcium regulate each other and modulate axon turning (25) , we investigated the interplay between cAMP and calcium during Netrin-1-induced signaling in filopodia. To determine whether cAMP regulates production of filopodial calcium transients, we suppressed its synthesis with SQ22536, a blocker of transmembrane adenylyl cyclases, and stimulated its synthesis with forskolin. SQ22536 reduced and forskolin increased the frequency of spontaneous filopodial calcium transients ( Fig. 2 C and D) . In contrast, both treatments precluded the Netrin-1-induced increase in frequency ( Fig. 2 C and E). Blocking transmembrane adenylyl cyclases prevents the Netrin-1-dependent increase in calcium transient frequency, whereas constantly stimulating them likely elevates cAMP to a level that induces the maximal calcium transient frequency so that further stimulation by Netrin-1 is not possible. These experiments indicate that Netrin-1-dependent stimulation of filopodial calcium transients is driven by transient elevation of cAMP. We monitored cAMP in Netrin-1-stimulated growth cones in calcium-free medium to determine whether calcium influx regulates cAMP synthesis. The absence of calcium did not affect the cAMP response, suggesting that the Netrin-1-dependent increase in cAMP concentration is independent of extracellular calcium (Fig. 2B) . A role for calcium release from intracellular stores is not excluded.
cAMP and Calcium Dynamics in Growth Cone Centers. We next focused on the dynamics of signaling events occurring in the center of the growth cone, excluding filopodia. Application of Netrin-1 to growth cones elicited an increase in cAMP concentration in growth cone centers with a time course delayed and prolonged compared with that in filopodia, starting to rise ∼2 min after stimulation and reaching its maximum by ∼5 min before decaying ( Fig. 3 A and B) . This increase was blocked by replacement of Netrin-1 with vehicle or with the DCC function-blocking antibody. The frequency of calcium transients in the growth cone center increased in a sustained manner upon stimulation with Netrin-1 (Movie S3), but not in response to vehicle, and was fully suppressed by a higher concentration of anti-DCC ( Fig. 3 C and D) .
Calcium Drives Elevation of cAMP in Growth Cone Centers. Growing neurons in calcium-free culture medium blocked both the Netrin-1-induced increase in cAMP concentration (Fig. 4A ) and the calcium transients (26) . In contrast, neither blockade of cAMP synthesis by SQ22536 nor forskolin-induced increase of cAMP concentration affected the frequency of calcium transients in the growth cone center in response to Netrin-1 ( Fig. 4 B  and C) . Thus, the elevation of cAMP is downstream of calcium, and the order of cAMP and calcium signaling is inverted between the filopodia and growth cone center (Fig. 4D ).
cAMP Transients in Filopodia Steer Axons. To investigate further the spatial code by which cAMP regulates axon guidance, we used mCherry-tagged photoactivated adenylyl cyclase (27) (mCherry-PACα; Fig. S5A and Movie S4) to generate localized elevations of cAMP mimicking the duration of those stimulated by Netrin-1 (27) . Exposure of quadrants of growth cones expressing mCherry-PACα to blue light for 3 min every 20 min induced turning of axons toward the stimulated side ( Fig. 5 A, E, and F), mimicking the effect of Netrin-1 in similar culture conditions (8, 16, 22, 23) (Fig.  S1 ) and demonstrating that asymmetrical and pulsatile elevations of cAMP are sufficient for axon turning. The same stimulation protocol applied to mCherry-expressing growth cones had no effect on the direction of axon outgrowth (Fig. 5 B, E, and F). We next determined the contributions of cAMP elevations in filopodia and growth cone centers. Mimicking the Netrin-1-driven cAMP increase in filopodia on one side of the growth cone induced axon turning toward the stimulated side ( Fig. 5 C, E, and F). In contrast, increasing cAMP in filopodia on one side of growth cones in culture medium lacking calcium did not induce axon turning ( . These growth cones did not turn spontaneously in the absence of stimulation. Increasing the frequency of cAMP transients led to an increase in the percentage of turning axons, and the maximum response was achieved with a frequency of three transients per hour, similar to that of spontaneous transients observed in cell bodies (5) (Fig. 6 ). Neither the turning success rate (percentage of axons turning more than 7.5°) nor the turning angle was affected by a further increase in frequency. Moreover, the frequency of cAMP transients did not affect the turning angle of individual, responsive axons (Fig. S6) , suggesting that the frequency of cAMP transients codes for an all-or-none switch, inducing growth cones to turn. The distinct thresholds for individual growth cones may reflect cell type-specific sensitivity for axon guidance cues. has been contentious. In vitro, cAMP induces a switch in the response to Netrin-1 (8), but genetic deletion of soluble adenylyl cyclase fails to produce a defect in guidance of spinal commissural neurons in mice (32) . We imaged growth of Xenopus laevis spinal commissural axons to determine whether cAMP signaling regulates axon guidance in vivo (Fig. S7A) . In control conditions, commissural axons grow to the midline and cross it before turning anteriorly or posteriorly (31) (Fig. 7 A and D and Fig. S7B ). Decreasing cAMP levels with SQ22536 prevents axons from crossing the midline. The majority of axons join the floor plate before turning and growing longitudinally (Fig. 7 B and D and Fig. S7B ), indicating that cAMP signaling is required for normal commissural axon guidance. A sustained increase in cAMP concentration generated by application of forskolin leads to a similar defect (Fig.  7 C and D and Fig. S7B ). Analysis of growth cone velocity indicates that cAMP signaling is required for commissural growth cone pathfinding, with only a modest effect on axon outgrowth (Fig. 7 E  and F) . Elimination of cAMP modulation both with SQ22536 and forskolin suggests that appropriate guidance of spinal commissural axons requires critical cAMP dynamics.
Local Pulses of cAMP Regulate Axon Pathfinding in Vivo. To determine whether the spatial localization and temporal dynamics of cAMP identified in vitro regulate axon pathfinding in vivo, we expressed PACα in half of an X. laevis embryo and imaged spinal commissural axons approaching the ventral midline (Fig. S7A) . Control axons grow perpendicular to the midline (Fig. 8 A and D) . Blockade of Netrin-1 signaling using the DCC function-blocking antibody causes axons to turn away from the perpendicular to the midline, likely because of the response to other axon guidance cues not present in culture (Fig. 8 B and D) . Local and pulsatile blue light illumination of the distal part of PACα-expressing growth cones, in an area equivalent to filopodia location in vitro, is sufficient to maintain the orientation of axon outgrowth toward the midline despite blockade of DCC (Fig. 8 C and D) . Thus, restricted and transient elevations of cAMP can replace Netrin-1 signaling to maintain commissural axon growth directionality in vivo, using the cAMP codes described in vitro.
Discussion
Our experiments identify spatial and temporal second-messenger codes regulating signaling in growth cones in response to a guidance molecule. Use of an Epac-based FRET probe (24) enables detection of small signal-averaged cAMP transients in growth cones. Netrin-1 elicits brief, extracellular calcium-independent elevation of cAMP in filopodia that stimulates increases in filopodial calcium transients. Netrin-1 also stimulates brief calcium-dependent elevation of cAMP and prominent calcium transients in growth cone centers. Thus, the relation between cAMP and calcium signaling depends on the domain of the growth cone. cAMP transients imposed in filopodia control the turning response by regulating the frequency of filopodial calcium transients. Previous studies of axon turning initiated by calcium signals in lamellipodia may have stimulated calcium signals in filopodia as well (16, 25) . In contrast, cAMP transients generated in the growth cone center do not participate in axon steering. Calcium transients stimulated by Netrin-1 in growth cone centers bear close resemblance in amplitude, duration, and frequency to those that regulate axon extension (19, 33) . Our findings extend compartmentalization of cAMP from cardiac myocytes, neurons, and a variety of cell lines (1) (2) (3) 34) to growth cones and demonstrate how partitioning of signaling enables regulation of dual functions by a single ligand. Differences in calcium and cAMP signal generators (calcium channels and adenylyl cyclases) are common and might be the basis of our observations. Different subtypes of adenylyl cyclases are targeted to distinct microdomains and can account for compartmentalization of cAMP signals (34) . Different adenylyl cyclases can account for distinct signals: the genetic deletion of soluble adenylyl cyclase does not affect commissural axon trajectories (32) although it is required for Netrin-1-dependent axon outgrowth (11), but alteration of transmembrane adenylyl cyclase activity induces the defects in spinal commissural axon guidance reported here.
Uneven distribution of cAMP-or calcium-responsive elements is also likely to contribute to compartmentalization of downstream second-messenger signaling. PKA and Epac, two of the main cAMP effectors, regulate distinct signaling pathways during axon guidance (7) and are confined to specific subcellular compartments (35) . The difference in cAMP affinity of PKA and members of the Epac family further distinguishes these cAMP-dependent signaling pathways (7, 36) . It is still unclear whether the FRET probe we used reflects cAMP signaling independently of downstream effectors or is specific to one of the cAMP pathways, likely an Epac-dependent pathway, because the sensor is based on Epac2. A PKA-based sensor might reveal a different distribution of signals in growth cones in response to Netrin-1.
We show that the cAMP and calcium codes used to induce growth cone steering are based on transient signals of these second messengers. Netrin-1-induced calcium transients have not been reported. This discrepancy may have resulted from the use of serum-containing culture medium that blocks calcium transients in growth cone centers observed in vivo (19) (Fig. S1A) and from the high image acquisition rate required to detect fast filopodial transients. Use of serum-free medium leads to observation of growth cone center calcium transients in Xenopus, Helisoma, and mammalian CNS neurons in vitro (26, (37) (38) (39) . Signaling by transients allows different downstream effectors to be sensitive to different frequencies. Conversion of transients into persistent effects has been described for synaptic plasticity, in which the cAMP pathway is required for long-term changes (40, 41) . Transient signals have been proposed to lead to a long-lasting effect via a network of interacting signaling pathways in which cAMP and calcium are nodes (42) . Integrators needed to persistently activate downstream effectors could include calcineurin for regulation of axon outgrowth by growth cone center calcium transients (43) and calpain for signals in filopodia (18). Our results suggest that the integrator for cAMP is activated above a threshold frequency of transients, but not by an optimal frequency.
Extinction of filopodial cAMP and calcium signals during sustained stimulation can account for desensitization of growth cones to guidance cues and zig-zag navigation (23) . Desensitization would allow long-range pathfinding and adaptation of axons to different concentrations of guidance cues, and the same molecules would enable sustained control of axon extension. This corroborates the dependence on IP3 receptor activation of axon outgrowth (similar to growth cone center calcium transients) but not axon steering (dependent on filopodial calcium transients) (37) .
Imposing a constant high or low concentration of cAMP in vivo leads to similar defects in trajectories of spinal commissural axons, indicating the importance of accurate regulation of cAMP levels. cAMP regulates several signaling pathways important for commissural axon guidance, such as initiation of repulsion by semaphorins after midline crossing by decreasing PKA activity (44) , and responses of axons to a midline attractant such as Netrin-1 (this study). Sensitivity to repulsive cues is driven by a sustained change in overall concentration of cAMP (44) that may regulate targeting of receptors to the cell surface (45) . We find that local axon pathfinding driven by Netrin-1 in vivo can be regulated by spatially and temporally restricted cAMP signals identified in vitro. This finding suggests that it is possible to steer growth cones in vivo through focal manipulation of intracellular signals.
The signaling events we describe may mediate responses to other guidance cues. We propose that cAMP and calcium transients encode distinct growth-cone behaviors based on their localization in subcellular domains and on their frequency. Guidance cues may activate one or the other of these pathways based on distinct receptors or clusters of receptors (22, 37) in restricted regions that confine the activation of downstream pathways (46) .
Materials and Methods
Photostimulation of PACα was achieved by high-frequency, repetitive illumination of selected compartments of the growth cone using a 488-nm laser line. Imaging of spinal commissural axons in vivo was performed using embryos injected with Alexa 568 in a single blastomere at the two-cell stage (to label the midline) and with Alexa 488 in both V1 blastomeres at the eight-cell stage (to label the dorsal spinal cord and commissural axons). The ventral surface of the spinal cord was then imaged after abdomen removal (Fig. S7A) . A detailed description of experimental procedures is provided in SI Materials and Methods.
